The purpose of the current research was the comparison of the snatch technique between elite male and female weightlifters. Two S-VHS cameras operating at 60 fields per second were used to record the snatch lifts of 6 male and 6 female Greek weightlifters under competitive conditions. The spatial coordinates of selected points on the body and the barbell were calculated using the direct linear transformation procedure, and the raw data were digitally filtered with a cutoff frequency of 4 Hz. Analyses of variance for dependent and independent samples were used to compare the selected variables in men with the corresponding variables in women. The results revealed that women flexed their knees significantly less and slower than men did during the transition phase (p Ͻ 0.05). Women also dropped under the barbell during the turnover and catch phases significantly less and slower than men did (p Ͻ 0.05). Moreover, the external mechanical work for the vertical displacement of the barbell in men was significantly greater in the first pull than in the second pull (p Ͻ 0.05). In contrast, women showed similar work outputs in the 2 phases. These differences between the 2 sexes might be because of the lower skill level of women in comparison with men, which is partly because of the recent participation of women in weightlifting.
Introduction

I
n the past, weightlifting was exclusively an event for men, and it was only in 1987 that the participation of women was allowed. Weightlifting performance is strongly dependent on technique, explosive strength, and flexibility (7) . Specific assistant exercises are used to improve the different phases of the snatch technique (16) . The biomechanical characteristics of the assistant exercises must be similar to those of the competition snatch movement in order to maximize the desirable training effect (23) . The design of these specific exercises should be based on information obtained from biomechanical analysis of the snatch movement of elite athletes.
The majority of studies concerned with the snatch technique analyzed the characteristics of the competitive snatch technique of elite male weightlifters (2, 4, 7-10, 19, 22) . On the other hand, the number of studies concerning the snatch technique of women is restricted (12) , mainly because of the recent participation of women in weightlifting.
Moreover, most of the previous studies of men's snatch technique (2, 7-10, 19, 22) used only 1 camera to analyze the trajectory of the barbell and the angular kinematics of body movement in the sagittal plane. Specific problems, however, might be encountered if only 1 camera is used to record the body's movement from the side. The first concerns the obstructed view of the knee behind the weights during a major part of movement, allowing less than adequate precision in measurement. The second concerns the projection of the 3-dimensional (3-D) body angles in a single sagittal plane, which may overestimate the true values. These problems can be successfully addressed through a 3-D analysis using 2 or more appropriately positioned cameras (4) .
A 3-D analysis of men's snatch movement under competitive conditions was carried out by Baumann et al. (4) . In that study, the entire movement was divided into 6 phases, as shown in Figure 1 : (a) the first pull, (b) the transition from the first to the second pull, (c) the second pull, (d) the turnover under the barbell, (e) the catch phase, and (f) the rising from the squat position (4). In this study it was found that the lifters pull the barbell toward their bodies during the first pull and the transition phase (Figure 1a,b) . The barbell moved in a vertical and anteroposterior direction at the same time, but its pathway did not cross a vertical reference line that projected upward from the initial position of the bar (Figure 1 ). The vertical linear velocity of the barbell was found to increase continuously during the first pull, the transition, and the major part of the second pull (Figure 1a-c) . The mechanical work done on the bar for the vertical displacement of the barbell was greater in the first pull (Figure 1a) , and the mechanical power output was greater in the second pull ( Figure  1c ). These data provided significant information for designing specific assistant exercises for the improvement of men's snatch technique during training.
The lack of corresponding data regarding the characteristics of the snatch technique of elite female weightlifters raises questions regarding the appropriateness of using the specific assistant exercises that have been used in men's training for improving the snatch technique in women.
The possible differences in the characteristics of the snatch technique between men and women might necessitate the use of gender-specific training for the improvement of this technique in women. Moreover, the 3-D analysis of the snatch technique in elite female weightlifters might yield significant information about peculiarities of women's snatch technique that may account for the lower performance of women.
The aim of the present investigation was the comparative study (between elite male and female Greek weightlifters) of the linear kinematics and the change in energy of the barbell, along with the angular kinematics of the lower limb movement, during the snatch technique.
Methods
Experimental Approach to the Problem
The snatch technique of 6 male and 6 female members of the Greek national weightlifting team (Table 1) was recorded under competitive conditions. All men and 1 woman had recently been Olympic winners. The remaining 5 women were national champions in their weight categories. The heaviest successful snatch lift from the 3 lift attempts of each subject was chosen for analysis.
Two S-VHS cameras operating at 60 fields per second were used to record the lifts. The shutter speed was adjusted between 1/250 and 1/1,000 seconds according to the brightness of the subject. The 2 cameras were positioned in a horizontal plane, 15 m away from the subjects. The optical axis of each camera formed an angle of 45Њ with the frontal plane of the subject (Figure 2 ). This arrangement allowed the movement to be viewed by each camera both from the side and from the front.
In order to determine the angular kinematics of hip, knee, and ankle joints, along with the barbell kinematics, selected points on the body and the barbell were digitized using the Ariel performance analysis system (Ariel Dynamics, San Diego, CA). These points corresponded to the big toe, ankle, knee, and hip of the 2 sides of the body. Two additional points were digitized on the barbell at the medial side of the grip of each hand ( Figure 2) .
A metal framework that formed a rectangular cube of 180-cm length, 90-cm breadth, and 180-cm height was recorded by both video cameras and used for the calibration of the movement space. The calibration cube was videotaped in lift location and then removed. The 3-D spatial coordinates of the selected points were calculated using the direct linear transformation procedure with 23 control points (1). The raw positiontime data were smoothed using a low-pass digital filter. Residual analysis of the difference between filtered and unfiltered data over a wide range of cutoff frequencies was used to select a cutoff frequency of 4 Hz (25) .
The analysis focused on the snatch technique from the beginning of the barbell liftoff to the point at which the lifter dropped under the barbell and caught the barbell overhead.
The snatch technique requires the barbell to be lifted from the floor to a straight-arm overhead position in 1 continuous movement (11) . This motion ( Figure  1a -e) is considered to be the most important and technically the most difficult part of the whole movement (4). The movement was divided into 5 phases ( Figure  1 ), according to the changes in direction of movement of the right-knee angle (17) and the height of the barbell (4), as follows: (a) the first pull-from the barbell liftoff until the first maximum right-knee extension, (b) the transition from the first to the second pull-from the first maximum right-knee extension until the first maximum right-knee flexion, (c) the second pullfrom the first maximum right-knee flexion until the second maximum extension of the right knee, (d) the turnover under the barbell-from the second maximum extension of the right knee until the achievement of the maximum height of the barbell, and (e) the catch phase-from the achievement of the maximum height of the barbell until the stabilization in the catch position with the barbell overhead.
The angular displacements and velocities of the ankle, knee, and hip joints in the sagittal plane were calculated to study the movement of the lower limb. For the study of the barbell's movement, the vertical components of linear displacement, velocity, and acceleration of the barbell were calculated. The horizontal displacement of the barbell was also calculated from a vertical reference line that passed through the position of the barbell before liftoff (19) . The work done on the barbell during the first and the second pulls was calculated from the change in the barbell's potential and kinetic energies. The power output of the lifter, during the first and the second pulls, was estimated by dividing the work for each phase by the duration of the corresponding phase (14) .
Statistical Analyses
The analyses of variance for independent and dependent variables were used for the statistical treatment of the data. The assumption of normally distributed data was tested using the 1-Sample Kolmogorov-Smirnov test, and the assumption of homogeneity of variances was tested using the Levene Test. The level of statistical significance was set at p Ͻ 0.05.
Results
The results revealed that the duration of the first pull was the greatest in all athletes (men, 0.452 Ϯ 0.043 seconds; women, 0.445 Ϯ 0.042 seconds) and was followed by the duration of the transition phase (men, 0.152 Ϯ 0.007 seconds; women, 0.144 Ϯ 0.023 seconds), without any significant difference being observed between men and women in both phases. On the other hand, the duration of the second pull was significantly greater (F 1,10 ϭ 5.48, p Ͻ 0.05) in women (0.188 Ϯ 0.023 seconds) than in men (0.163 Ϯ 0.012 seconds). The same was observed in the turnover phase, where women (0.255 Ϯ 0.020 seconds) showed significantly greater values (F 1,10 ϭ 5.48, p Ͻ 0.05) than men (0.227 Ϯ 0.014 seconds).
Concerning the body kinematics, the results showed that there was a statistically significant difference between the 2 sexes in the angular displacement of the knee joint during the transition phase from the first to the second pull ( Figure 3 ). During this phase, the knee angle decreased significantly more in men than in women. On the other hand, women showed significantly greater maximum angle at the ankle and hip joint at the end of the second pull. In the catch position with the barbell overhead, women showed a significantly greater knee angle than men ( Table 2) .
The statistically significant differences in joint angular velocities between the 2 sexes concerned the greater maximum knee extension velocity in men during the first pull and their greater average knee exten- sion velocity during the transition phase. On the other hand, women showed significantly greater maximum extension velocity of the ankle joint during the second pull (Table 2) .
Regarding the barbell's trajectory, it was found that during the first pull and the transition from the first to the second pull, the barbell was moved toward the lifter in both sexes, without any significant difference being observed in the magnitude of these horizontal displacements. In contrast, a significant difference was found between men and women in the maximum horizontal distance of the barbell away from their body during the second pull (Table 3) . During this phase, men moved the barbell away from their body without crossing the vertical reference line that passed through the position of the barbell before liftoff. Women also moved the barbell away from their body but crossed the vertical reference line mentioned previously (Figure 4) . Moreover, the maximum height of the barbell and the loss of height during drop under the barbell were significantly greater in women than in men (Table 3).
The results also revealed that the maximum vertical linear velocity of the barbell was significantly greater in women than in men. At the end of the first pull, the barbell's vertical linear velocity was not significantly different between men and women. However, the barbell's relative vertical linear velocity at the end of the first pull, as a percentage of the barbell's maximum vertical linear velocity, was significantly greater in men than in women ( Table 3) .
The external mechanical work for the vertical displacement of the barbell at the first and the second pulls together with the corresponding absolute power outputs and the power outputs relative to the barbell's mass are listed in Table 4 .
The mechanical work of men for the vertical displacement of the barbell was significantly greater in the first and the second pulls than that of women (Table 4). Moreover, in men, the external mechanical work was significantly greater during the first pull (F 1,5 ϭ 15.8, p Ͻ 0.05) than in the second pull. On the contrary, in women, the external mechanical work during the first pull was significantly less (F 1,5 ϭ 7.64, p Ͻ 0.05) than in the second pull. The absolute power output was significantly greater in men than in women both in the first and the second pulls (Table 4) . During the first pull, the absolute power output of women was 47.51% of the values in men, whereas during the second pull it was 64.02% of the values in men. Moreover, the absolute power output in the second pull was significantly greater than in the first pull in both men (F 1,5 ϭ 214.7, p Ͻ 0.05) and women (F 1,5 ϭ 85.5, p Ͻ 0.05).
For the power outputs relative to the barbell's mass, similar differences were observed. The relative power output was significantly greater in men than in women both in the first and the second pulls (Table 4) . During the first pull, the mean relative power output of women was only 59.30% of that of men, whereas during the second pull, it was 78.58% of that of men. In the second pull the relative power output was significantly greater than in the first pull, both in men (F 1,5 ϭ 148.9, p Ͻ 0.05) and in women (F 1,5 ϭ 173.2, p Ͻ 0.05).
Discussion
The same pattern of leg movement was observed in all male and female weightlifters, independent of their weight category. The knee angle reached a first maximum value of extension in the first pull and then decreased briefly in the transition from the first to the second pull. In this phase, the knees were pushed toward the barbell, helping the lifter ease into the second pulling phase, whereas the hips were continuously extended. The smallest knee angle marked the beginning of the second pull, where the ankle, knee, and hip joints extended explosively, reaching their maximum extension values at the end of this phase. However, the women showed significantly greater extension values in the ankle and the hip joints, probably because of their greater flexibility compared with men.
The flexion of the knees during the transition phase before its maximum extension during the second pull has effects similar to those observed in the countermovement in vertical jumping (13) . However, this flexion should be performed rapidly enough to permit the storage of recoverable elastic energy and to elicit a stretch-reflex facilitation of the immediately following concentric contraction of knee and hip joint extensor muscles (15) . In the current study, women flexed their knees significantly less and slower than men during the transition from the first to the second pull. This was also found in the case of district-level male weightlifters and might be attributable to the lesser ability of these men to use stored elastic energy (20) .
The results also revealed that in both sexes, the maximum extension velocity of the knee joint during the second pull was greater than in the first pull. Furthermore, in the second pull, the maximum extension velocity of the hip joint was greater than the respective maximum extension velocity of the knees. This pattern contributes to the execution of an explosive second pull (4) . During the second pull, the subjects also used a powerful ankle plantar flexion by raising the heels, which was significantly greater in women than in men. This action has been found to be essential to the vertical acceleration of the barbell and contributes about 10% of the maximum barbell velocity (24) .
The movement of the barbell is the result of the forces applied on it by the weightlifter. The displacement-time and velocity-time relationships are often seen at a practical level as the most important criteria for assessing lifting technique (4, 11) .
During the lift, the rapid extensions of hip, knee, and ankle joints pull the athlete's body backward, mainly because of the larger contribution of hip extensors. These joint movements induce not only a great amount of barbell's vertical displacement but also a small amount of horizontal displacement of the barbell because the lifter's upper limbs are almost fully ex- tended. This unavoidable horizontal displacement of the barbell during the lift may be considered an estimate of the effective application of muscle power, provided that it is as small as possible (19) .
In the present study, in both sexes, during the first pull and the transition from the first to the second pull, the barbell was moved toward the lifter. The horizontal displacement of the barbell, according to the vertical reference line passing through the position of the barbell before liftoff, had a mean value of 6.29 cm in men, which was in close agreement with the data presented by Garhammer (11) , and 3.65 cm in women. At the second pull, the barbell was moved away from the lifter, on an average value of 3.87 cm in men and Ϫ1.88 cm in women, whereas it was moved again toward the lifter at the turnover under the bar in both sexes. However, the barbell trajectory in women crossed the vertical reference line that projected upward from the initial position of the bar, whereas in men it did not. This resulted in greater horizontal displacement of the barbell in women and increased the additional horizontal mechanical work that needed to be produced, which theoretically should be minimal. According to Baumann et al. (4) , the extent of these horizontal movements indicates the degree of instability involved or the degree of correction needed to complete the lift.
Women also lifted the barbell significantly higher than men at the end of the turnover phase and showed greater loss of height during drop under the barbell. According to Isaka et al. (19) , lifting the barbell effectively requires minimizing the maximum height of the barbell at the end of the turnover phase and the loss of height during drop under the barbell to catch position.
The greater maximum height of the barbell also permitted women to drop under the bar with a smaller amount of knee flexion, thus maintaining a more upright position than men did in the catch phase. Furthermore, the drop under the barbell during the turnover phase was performed significantly more slowly in women. This is also a characteristic of novice male weightlifters because elite weightlifters were found to spend significantly less time in the turnover phase (18) .
The data curves of the vertical linear velocity and acceleration of the barbell are also important criteria for assessing lifting technique (4, 19) . From a biomechanical point of view, the effective snatch lift is characterized by a velocity-time relationship of the barbell in which the vertical linear velocity of the barbell increases continuously between the first and second pulls (3) .
In the present study the vertical linear velocity of the barbell increased almost continuously, in both sexes, until a single maximum value was reached, during the second pull phase. The maximum vertical linear velocity of the barbell was significantly greater in women than in men. This might not be considered as an indicator of the better technique of women and should be attributed to the lesser load of barbell that women had to overcome. This has also been observed in the past, when elite male weightlifters developed greater maximum vertical linear velocity of the barbell than they do today, but the barbell was lighter by 30 kg on an average (21) .
At the end of the first pull, both men and women achieved almost the same values of barbell's vertical linear velocity. However, the relative values of the barbell's linear velocity, according to the maximum vertical linear velocity of the barbell, were less in women than in men. This means that during the second pull, women increased the maximum linear velocity of the barbell more than men did, probably because they had to accelerate less mass of barbell than that required by men.
In a power approach of weightlifting, weightlifters are required to generate a great deal of muscular power during the lift and to effectively transfer this power to the barbell, within less than 1 second. (10, 14) . According to Garhammer (12) , in the relatively slower first pull, the mechanical work output for the vertical displacement of the barbell is greater than the mechanical work output in the second pull, which is faster. On the contrary, the power output is greater in the second pull than in the first pull because of the very short duration of the second pull. For this reason the first pull is considered strength oriented, whereas the second pull is considered more power oriented.
In the present study the mechanical work output during the first pull in men was significantly greater than the corresponding work output during the second pull. In contrast, women showed similar work outputs during the first and the second pulls. However, it was found that as weightlifters' skill levels grow, they generate a larger amount of work during the first pull than during the second pull (5).
The absolute and relative power outputs were significantly greater during the second than during the first pull in both sexes because of the very short duration of the second pull relative to the first pull. The absolute power output of women as a percentage of the corresponding values in men was 47.51% during the first pull and 64.02% during the second pull. When the power outputs were expressed relative to barbell's mass, the women achieved 59.3% of the corresponding values in men during the first pull and 78.58% during the second pull. These values are similar to those reported by Garhammer (12) . According to him, women showed less ability in activities where a slow force development is needed relative to activities that require fast force development. However, women have the same nature of muscle fibers and distribution of muscle fiber types in their muscles as men. Moreover, the most important implications of recent research are that women might begin at a lower level of strength and muscle mass than men, partly because of the hormonal differences between the 2 sexes (e.g., testosterone levels), but their potential for proportional improvement in strength is probably quite similar (6). Thus, it seems that any differences in the ability of slow force development between the 2 sexes may be attributed to the lower skill level of women in comparison with men.
Practical Applications
The differences between the 2 sexes that have been found in this study might be because of the lower skill level of women in comparison with men, partly because of the recent participation of women in weightlifting. Women's weightlifting performances are likely to grow, over time, much closer to those of men than they are today. Women's training may consider the greater and faster flexion of the knees during the transition phase, the faster and deeper drop under the barbell during the turnover and catch phase, and the development of maximum strength to produce greater mechanical work during the first pull.
